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In the Milky Way galaxy, positrons, which are responsible for the diffuse 511 keV gamma ray
emission observed by space-based gamma ray observatories, are thought to annihilate predominantly
through charge exchange interactions with neutral hydrogen. These charge exchange interactions
can only take place if positrons have energies greater than 6.8 eV, the minimum energy required to
liberate the electron bound to the hydrogen atom and then form positronium, a short-lived bound
state composed of a positron-electron pair. Here we demonstrate the importance of positron inter-
actions with neutral alkali metals in the warm interstellar medium (ISM). Positrons may undergo
charge exchange with these atoms at any energy. In particular, we show that including positron
interactions with sodium at solar abundance in the warm ISM can significantly reduce the annihila-
tion timescale of positrons with energies below 6.8 eV by at least an order of magnitude. We show
that including these interactions in our understanding of positron annihilation in the Milky Way
rules out the idea that the number of positrons in the Galactic ISM could be maintained in steady
state by injection events occurring at a typical periodicity > Myr.
INTRODUCTION
In 1931, Paul Dirac predicted the existence of a
particle with the same mass, but opposite charge, to
the electron [1]. The existence of the anti-electron,
or positron, was confirmed by Carl Anderson a year
later [2]. While the annihilation of positrons through
direct interaction with electrons was predicted by
Dirac [1], positrons may also form a short-lived bound
state composed of a positron and electron, known as
positronium, before subsequently annihilating. The
existence of positronium was predicted in 1934 [3], but
was not confirmed experimentally until the 1950’s [4].
Since the 1930’s, positrons have been observed in a
variety of astrophysical environments. The presence of
positrons is inferred through the detection of character-
istic gamma ray emission at mec
2 ∼ 0.5MeV from the
co-annihilation of electrons and positrons. We now see
positron annihilation in the diffuse interstellar medium
(ISM) [5–7], solar flares [8], associated with the synthesis
of β+ unstable radionuclides in supernovae [9], and in
microquasar flares [10]. Futhermore, the production
of positrons in astrophysical environments can also be
inferred through the observed presence of the parent
nuclei of β+ unstable radionuclides such as 26Al, 22Na,
44Ti and 56Ni, whose decay lines are observed through
2both X-ray and gamma ray measurements (see [11] for
an overview).
In the early 1970’s, emission of gamma rays at ∼
0.5MeV from the central regions of the Milky Way was
first detected by balloon-borne spectrometers [12, 13] and
subsequently confirmed by a number of space-based mis-
sions [5–7, 14]. Recent observations of diffuse annihila-
tion gamma rays across the Milky Way suggest an an-
nihilation rate of ∼ 5 × 1043 positrons per second [7].
These positrons are constrained to be injected into the
ISM at mildly relativistic energies (< 3− 7MeV)[15, 16]
due to the absence of a gamma ray continuum at en-
ergies > 511 keV produced when relativistic positrons
annihilate in flight with free electrons. Positron life-
times are split into two phases: the “in-flight” phase,
when the kinetic energy of the positrons is greater than
wtherm = 3kTe/2 (where Te is the electron temperature)
and the “thermalized” phase, when the positron kinetic
energy drops below wtherm [17].
In the ISM, positrons can annihilate via a number of
channels. For example, they may interact with neu-
tral atoms through charge exchange. In this process,
positrons with sufficient energy to overcome the differ-
ence between the binding energy of the atom and the
binding energy of positronium first strip the valence elec-
trons from atomic nuclei, then form positronium be-
fore subsequently annihilating1. The total spin angu-
lar momentum of the positronium bound state governs
the number and energy of emitted gamma rays. Positro-
nium formed with the positron and electron with par-
allel spins produces the three-photon ortho-positronium
continuum [18]. Positronium formed from positron-
electron pairs with anti-parallel spins annihilates to pro-
duce two gamma rays at 511 keV. In astrophysical envi-
ronments, the annihilation of singlet positronium or para-
positronium results in a Gaussian-shaped emission line
centered at 511 keV, whose width is governed either by
the temperature of the medium for thermalized positrons,
the residual kinetic energy of the positron for positrons
annihilating in flight, or by large scale gas dynamics (ki-
netic broadening).
To form positronium via charge exchange, the positron
energy must exceed the difference between the binding
energy of positronium (6.8 eV) and the first ionization
potential of the atom (e.g. wIP = 13.6 eV for hydrogen),
that is, w ≥ wIP − 6.8 eV, where w is the positron en-
ergy. In the case of charge exchange with hydrogen (he-
lium), the mimimum kinetic energy a positron must have
to form positronium is 6.8 eV (17.7 eV). If the thresh-
old for positronium formation with an atom is negative,
positrons can form positronium at any incident energy in
1 Annihilation lifetimes of positronium are 1.2× 10−10 s for para-
positronium, and 1.4× 10−7 s for ortho-positronium.
charge exchange interactions with that atom. This is the
case for the alkali metal atoms, due to their extremely
low ionization potentials.
Positrons may also form positronium via radiative recom-
bination with free electrons in the ISM. Unlike charge ex-
change, positrons with any energy may undergo radiative
recombination. Annihilation via radiative recombina-
tion also results in the emission of a superimposed para-
positronium Gaussian centered at 511 keV and an addi-
tional three-photon ortho-positronium continuum. The
temperature of the medium strongly affects the width
and shape of the resulting annihilation spectrum [17], as
both the fraction of positrons forming positronium and
the shape of the 511 keV line depend on the ISM temper-
ature. Finally, positrons may undergo direct annihilation
either through interactions with free electrons in the ISM,
or may directly annihilate with electrons bound to atoms.
This process results in emission of a Gaussian spectrum
where the characteristic width of the line is determined
by the ISM electron temperature.
Analysis of the measured gamma ray spectrum suggests
that the majority of positrons annihilate via charge ex-
change interactions with neutral atoms, assumed to be
hydrogen based on ISM composition [19]. The charac-
teristic orthopositronium continuum emission and nar-
row emission line centered at 511 keV observed by IN-
TEGRAL/SPI indicates that positrons annihilate in a
mostly neutral, ∼ 104K ISM [7, 19, 20]. Simulations and
experiment suggest that 90 − 98% of positrons will an-
nihilate via charge exchange during the in-flight phase
in these ISM conditions [17, 21, 22]. The remaining
positrons will thermalize with the surrounding ISM [23]
before annihilating. It is usually assumed that these
thermalized positrons annihilate instantaneously, or on
a timescale shorter than the energy loss timescale if the
production of positrons is in steady state with respect
to the annihilation rate. However, if the annihilation
timescale for the thermalized positrons exceeds the slow-
ing down timescale, it is possible for a ‘reservoir’ of low
energy positrons to form. In this scenario, it is possible
for the current annihlation rate to exceed the positron
injection rate.This opens the door on a scenario where
positrons are injected into the Galaxy in some kind of
outburst event such as those described in [24, 25].
In this paper we consider how alkali metals in the ISM
substantially reduces the annihilation timescale for ther-
malized positrons in the ISM, and the potential impor-
tance of including alkali metal atoms in simulations of
positron transport at low energies in the ISM. We also
show how including the alkali metal atoms as annihila-
tion targets closes a door on positron production scenar-
ios which do not occur in a steady state.
3TABLE I. Density of ISM species (per cm3) in the warm,
partially ionized phase of the ISM based on [17].
Species Density in WPIM / cm−3
Neutral hydrogen 2.68× 10−1
Neutral helium 2.60× 10−2
Free electrons 2.71× 10−3
Neutral lithium 6.05× 10−10
Neutral sodium 6.35× 10−7
Neutral potassium 4.26× 10−8
POSITRON ANNIHILATION AND ALKALI
METAL ATOMS
In existing simulations and theory of positron anni-
hilation in the ISM e.g. [20, 26–31], positron interac-
tions with hydrogen (both HI and H2), helium, and free
electrons are considered (henceforth the ‘simplified ISM
model’). Also of potential importance are dust grains
and polycylic aromatic hydrocarbon (PAH) molecules,
although the cross-sections and mechanisms associated
with annihilation on these species are uncertain [32], and
we do not consider them further in this work.
Hydrogen and helium make up the majority of the diffuse
ISM by number density at solar metallicity [33], while the
free electron density is strongly dependent on the tem-
perature of the medium. Herein, we consider the ISM at
T ∼ 104K, the ISM temperature at which most positrons
seem to annihilate. In this warm, partially ionized phase
(WPIM) where the majority of positrons are thought to
annihilate [7, 19, 20, 28], the number density of molecu-
lar hydrogen (found in the cold neutral phase) is negligi-
ble so we only consider atomic species. The composition
and ionization state of the ISM is based on that for the
warm ISM described in [17]. A summary of the number
densities of the considered species in the warm, partially
ionized phase of the ISM is given in Table I.
In this work, we utilize positronium cross-sections with
approximate shape and magnitude determined from fits
to the available data [34–50] for positron interactions
with hydrogen and helium. We find the timescale for
positron annihilation at low energies is not affected by
use of one dataset preferentially over another for two
reasons: firstly, at 104K the thermalized positron has
too little kinetic energy to form positronium in collisions
with hydrogen and helium. Consequently, assuming a
simplified ISM at these energies positrons only annihi-
late by direct annihilation with bound electrons in hy-
drogen and helium atoms, and these cross-sections are
comparable to that for direct annihilation with free elec-
trons (see fig 1). Secondly, recent advances in measuring
total positron scattering cross-sections have resulted in
more precise determination of ionization and excitation
cross-sections whereas varying the positronium formation
cross-section by ∼ 20% (in accordance with the uncer-
tainties on the combined data set) has a negligible effect
on our results2.
Due to the non-negative positronium formation thresh-
olds of hydrogen and helium atoms, the annihilation
cross-section for positrons interacting with hydrogen (he-
lium) drops to zero at 6.8 eV (17.7 eV). In the simpli-
fied ISM model, positrons with energies below 6.8 eV
can only annihilate via interactions with free electrons.
The cross-section for these interactions is several orders
of magnitude lower than that for positron interactions
with hydrogen and helium (fig 1). The impact of this
decrease in annihilation cross section is interesting in the
context of positron annihilation in the ISM, as positrons
thermalizing in the ISM phase where most positrons are
expected to annihilate (the warm phase) will have en-
ergies < 6.8 eV. The lifetime of a thermalized positron
(i.e. the time between the positron reaching an energy of
w = 3kT/2 and subsequently annihilating) with energy
w is (e.g. ref [28])
τann(w) =
(
cβ(w)
∑
T
σT(w)nT
)
−1
(1)
where c is the speed of light, cβ is the positron velocity,
σT is the cross section of target species T and nT the
number density. The impact of the dramatic decrease in
the annihilation cross section in the simplified ISM model
on the lifetimes of thermalized positrons can be seen as
the solid curve in Figure 2.
In the simplified ISM model, positrons with energies
< 6.8 eV are thought to only form positronium via radia-
tive recombination with free electrons. However, if there
are atoms present in the ISM which possess positronium
formation thresholds below 6.8 eV, positrons may still
form positronium via charge exchange at low energies.
Moreover, if the cross-sections of these atoms is suffi-
ciently large, it may also substantially decrease the anni-
hilation timescale for thermalized positrons in the warm
ISM. The formation of positronium from positron-alkali
scattering is known, and the cross sections are known
to an order of magnitude. Of particular interest are the
alkali metal sodium[51], which has large cross sections
(on the order of ∼ 10−15 cm−2) for charge exchange with
positrons at energies < 6.8 eV. For completeness we con-
sider lithium and potassium - however, their inclusion has
a negligible effect as their abundances orders of magni-
tude lower than that of sodium using the abundance ta-
bles of [33]. In the case of potassium, we find its inclusion
does not affect the annihilation timescale significantly as
2 These advances in measuring total scattering cross-sections will
be of importance to positron astrophysics in the context of de-
tailed simulation of collisional transport of positrons in the ISM,
where ionization and excitation of atoms in the ISM is responsi-
ble for the slowing down of energetic positrons
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FIG. 1. Positronium formation and charge-exchange (CX)
cross-section for positron annihilation through various chan-
nels as a function of incident positron energy. Hydrogen and
helium CX cross-sections based on fits to available data, ra-
diative recombination with free electrons from R. Sutherland
(priv. comm.) lithium and sodium CX cross-sections from
[51] and potassium CX cross-sections from [52]. Direct anni-
hilation cross-sections for positron interactions with free and
bound electrons are shown in red. The black dashed line
shows the average energy of positrons that have thermalized
in the WPIM.
its charge exchange cross-section is around half an or-
der of magnitude lower than that of sodium and lithium
at the energies considered [52], and its solar abundance
around an order of magnitude lower than that of sodium
[33].
The large cross-section of sodium atoms has a significant
impact on the lifetime of positrons with energies< 6.8 eV
despite the comparably low abundance of sodium com-
pared to that of hydrogen and helium (assuming solar
abundance in the diffuse ISM). A summary of the species
densities in the ISM phase where most positrons appear
to annihilate is given in Table I.
In this ISM phase, positrons will thermalize with an
energy of wtherm = 3kT/2 ∼ 1.3 eV(T/10
4K). At
w = 1.3 eV, the lifetime of a thermalized positron can
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FIG. 2. Annihilation timescale for thermalized positrons as a
function of positron energy. Including the effect of positron
interactions with alkali metal atoms, even at solar metal-
licity, substantially decreases the annihilation timescale for
positrons that thermalize with energies < 6.8 eV. The black
dashed line shows the average energy of positrons that have
thermalized in the WPIM.
be written in parameterized form as
τ = 1.7× 105
0.27 cm−3
nH
(
1−XH
0.99
0.085 +
ζHe
0.096
0.004
(2)
+
ζLi
2.23× 10−9
8.9× 10−4 +
ζNa
2.34× 10−6
0.78
(3)
+
ζK
1.57× 10−7
2.4× 10−4 +
XH
3× 10−3
0.0015
)
−1
yr
(4)
where nH is the total hydrogen density, XH is the
ionization fraction for hydrogen, and the factors ζT are
the abundances of target atom T relative to protosolar
abundance [33]. At 1.3 eV, the lifetime of positrons in
the simplified ISM model is τ1.3 = 1.67Myr, figure 2.
Including sodium at solar abundance, along with all
species listed in Table I (ζNa = 2.24 × 10
−6 relative to
hydrogen [33]) reduces the lifetime of such thermalized
positrons to τ1.3 = 0.19Myr.
In particular, in the simplified ISM model, the annihila-
tion timescale exceeds the energy loss timescale for MeV
positrons. This apparently allows for the possibility of a
low-energy positron ‘reservoir’ that could act to main-
tain the total number of ISM positrons in the Galaxy
in a steady state even if the positrons are injected
by large-scale events (e.g. outbursts associated with
the supermassive black hole (SMBH) at the Galactic
5Center [24, 25]) with a typical periodicity significantly
in excess of 1 Myr. However, accounting for alkali metal
atoms as annihilation targets in a realistic ISM model,
closes the door on this possibility: the positrons we
detect currently annihilating in the ISM must have been
created within the last ∼ Myr3.
CONCLUSIONS
In simple ISM models developed to understand the an-
nihilation of the some 5 × 1043 positrons per second in
the diffuse ISM of the Milky Way, it is assumed that
positrons with kinetic energies below the charge exchange
threshold with neutral hydrogen (< 6.8 eV) can only un-
dergo annihilation through interactions with free elec-
trons, or via direct annihilation with electrons bound to
hydrogen and helium atoms [17, 20, 28–31]. The conse-
quence of this assumption is that the calculated lifetime
for positrons that thermalize in a 104K ISM, thought
to be between 2 and 10% of positrons that annihilate in
the diffuse ISM, is in excess of 1Myr. Despite its low
abundance at solar metallicity, the inclusion of positron
interactions with sodium can reduce the lifetime of ther-
malized positrons in the ISM to ∼ 0.1Myr, and moreover
allows a new channel for positrons to form positronium at
energies where positronium formation was only assumed
to occur through radiative recombination with free elec-
trons. Finally, we conclude that the number of positrons
in the Galactic ISM could be maintained in steady-state
by injection events with typical periodicity longer than
> Myr.
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3 Even this timescale is probably excluded by combination of the
observed distribution of positrons over≫ kpc size scales through-
out both the bulge and disk and the fact that large-scale (> kpc)
transport of positrons has been ruled out by numerical studies of
positron transport [28–31], even where large scale gas dynamics
is invoked [31]. In other words, to maintain the inferred smooth
and large-scale distribution of positrons across the Galaxy, each
∼ kpc-radius patch must have experienced a positron injection
event within the last < Myr suggesting that the mean periodicity
of positron injection events across the Milky Way is ≫ Myr.
Appendix: Annihilation in the multi-phase ISM
In Fig 3, we show that the inclusion of alkali metal
atoms, most notably sodium, reduces the annihilation
timescale for thermalized positrons in all phases of the
ISM. However, this is most significant in the case of
the WNM and WPIM where the majority of positrons
are thought to annihilate via interactions with neutral
atoms [19]. In these phases, where T ∼ 104K, positrons
thermalize at ∼ 1.3 eV. At this energy, the annihilation
timescale for positrons in the simple ISM is significantly
longer than the slowing down time for the positrons.
Including alkali metal atoms as annihilation targets for
thermalized positrons reduces the annihilation timescale,
and thus for the updated ISM model we find τann < τloss,
with the consequences being the same as those discussed
in the main article.
While the observed positron annihilation spectrum
suggests that positrons annihilate in a warm, partially
ionized ISM, the possibility that positrons annihilate in
multiple phases of the ISM is not excluded [19]. How-
ever, the characteristics of the annihilation put strong
constraints on the proportion of positrons annihilating
in each phase - hot ionised medium (HIM), warm ionized
medium (WIM), warm neutral medium (WNM) and
cold molecular medium (CMM). In [19] it is found that
annihilation in a multiphase medium can explain the
observed annihilation spectrum only where no more
than 8% of positrons annihilate in the hot ionized
phase (T ≥ 106K). Furthermore annihilation in CMM
(T ≤ 103K) cannot make a dominant contribution to the
annihilation spectrum in the presence of a multiphase
medium. Moreover, the presence of the positronium
continuum suggests that > 95% of positrons annihilate
via interactions with neutral atoms (usually assumed
to be hydrogen and helium). This would suggest that
the majority of positrons likely annihilate in the WNM.
For completeness, the densities of the species in our
updated ISM model are shown in Table II for each of the
HIM, WIM and WNM. We do not consider the CMM
based on the constraints on the annihilation spectrum -
annihilation on molecular hydrogen in the CMM results
in a broad emission line which is inconsistent with the
spectrum observed by SPI [7, 19, 20] - and moreover
the spatial morphology of the positron annihilation
signal, which is significantly more extended than the
distribution of cold molecular gas in the Milky Way.
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